background: Polychlorinated biphenyls (PCBs) are common environmental contaminants that represent an important risk factor of reproductive disorders in chronically exposed human populations. However, it is not known whether a short accidental exposure of embryos to PCBs before implantation might influence their further development and whether the effect might be reversible.
Introduction
Polychlorinated biphenyls (PCBs) are environmental contaminants and significant accumulations have been recorded especially in populations whose diet is based on seafood. Therefore, the main concern of epidemiological and experimental studies so far has been to survey the effects of chronic exposure to PCBs (Foster et al., 2000; Miller et al., 2004; Wang et al., 2004) . The effects of short-term exposure to PCBs in humans may be only assessed as a result of unintentional assimilation of contaminated food. As a consequence, the effects of short exposure to PCBs on the establishment of pregnancy have been little studied, despite the fact that such information is sorely needed because of the growing number of poisoning incidents due to accidental ingestion of seafood or cooking oil contaminated by PCBs (Sullivan, 1993; Sakamoto et al., 2002) . Indeed, modern methods of food production and supply increased the risk of PCBs contamination (Sullivan, 1993; Foster et al, 2000) . These toxic compounds are known to affect human reproduction. Epidemiological studies in humans indicate that exposure to PCBs causes reproductive disorders, such as delayed conception, miscarriage, low birthweight and perinatal mortality (Yu et al., 2000; Tsukimori et al., 2008) . Furthermore, dose-related effects were observed in neonates and children prenatally exposed to PCBs (Swain, 1988) .
The first environment of early mammalian embryo, the oviduct, is essentially free from PCBs (Seiler et al., 1994) , and in fact, early embryos seem to be less susceptible to PCB effects than blastocysts (Küchenhoff et al., 1999; Kietz and Fischer, 2003) . Conversely, high concentrations of PCBs have been detected in the uterus (Sullivan, 1993) , suggesting that blastocysts represent the first stage of embryo development in which the influence of PCBs accidentally ingested during pregnancy should be studied. Short exposure of preimplantation embryos to PCBs is reported to affect mainly embryo growth in a dose-dependent manner (Küchenhoff et al., 1999; Kietz and Fischer, 2003; Campagna et al., 2008) . However, the mechanisms behind this effect and whether PCB-induced growth arrest is reversible once the toxic agents are removed remain unknown. To answer to these questions, we determined the morphological and functional alterations caused by 48-h exposure to Aroclor 1254 (A1254), a mixture of more than 60 environmentally relevant PCB congeners, in in vitro-produced sheep blastocysts. This mixture of PCBs was chosen because similar ones have been used in industry (Stack et al., 1999) . The concentrations of PCBs were chosen on the basis of their previously demonstrated effects on preimplantation embryos (Küchenhoff et al., 1999) .
Materials and Methods
All chemicals, unless otherwise indicated, were obtained from Sigma Chemicals Co. (St Louis, MO, USA). In vitro maturation, fertilization and culture methods for in vitro embryo production were adapted from those previously described (Ptak et al., 2003 (Ptak et al., , 2006b ). Ovaries were obtained from the abattoir. Cumulus -oocyte complexes (COCs) were collected by aspiration with a 21 G needle fitted to a syringe. Oocytes with at least two to three layers of compact cumulus cells and uniform granular cytoplasm were matured in bicarbonate-buffered TCM-199, supplemented with 2 mM L-glutamine, 100 mM cysteamine, 0.3 mM sodium pyruvate, 5 g/ml FSH (Ovagen, ICP, Auckland, New Zealand), 5 g/ml LH, 1 g/ml 17-b-estradiol and 10% fetal bovine serum (FBS), yielding an osmolarity of 275 mOsm. COCs were incubated under 5% CO 2 at 38.58C for 24 h. Partially denuded matured oocytes were transferred into 50 ml drops of bicarbonate-buffered synthetic oviductal fluid (SOF) enriched with 20% (v:v) heat-inactivated estrous sheep serum, 2.9 mM calcium lactate and 16 mM isoproterenol. Ram semen was thawed and washed in SOF containing 4 mg/ml bovine serum albumin (BSA), at 200 g for 5 min. Fertilization was carried out at a final concentration of 5 × 10 6 sperm/ml, and fertilized eggs were kept in 5% CO 2 at 38.58C
overnight. Groups of five presumptive zygotes were transferred into 20 ml drops of SOF enriched with 1% (v:v) minimum essential medium (MEM) non-essential amino acids, 2% (v:v) basal medium Eagle (BME) essential amino acids, 1 mM glutamine and 8 mg/ml BSA and covered with mineral oil washed in SOF. Embryos were cultured in a humidified atmosphere with 5% CO 2 , 7% O 2 and 88% N 2 at 38.58C.
Experimental design
At Day 8, embryos that had developed to the hatched blastocyst stage were transferred into base medium 50% (v:v) MEM with 1 mM L-glutamine, 0.3 mM sodium pyruvate, 5 ml/l gentamicin and 10% charcoal-stripped FBS (PCB-free)]. They were then divided randomly into the following four groups: (i) control, in base medium; (ii) vehicle control group, in which 0.4% DMSO was added to the medium; (ii) base medium with 2 mg/ml of A1254; and (iv) base medium with 4 mg/ml of A1254. The doses of A1254 used in this study corresponded to concentrations of PBCs found in reproductive tissues and plasma samples from women of reproductive age (Campagna et al., 2001; Pocar et al., 2003; Foster et al., 2000) . All embryo groups were incubated under 5% CO 2 , 7% O 2 and 88% N 2 at 38.58C for 48 h and blastocysts were then used for different analyses.
5-Bromo-deoxyuridine analysis
The rate of cell proliferation was assessed by using 5-bromo-deoxyuridine (BrdU), a thymidine analog that is incorporated only in cells undergoing DNA synthesis. Blastocysts were incubated in 100 mM BrdU in a humidified atmosphere with 5% CO 2 , 7% O 2 and 88% N 2 at 38.58C for 6 h. Embryos were then washed in 0.4% polyvinylpyrrolidone (PVP) in phosphate-buffered saline (PBS), fixed in ice cold methanol for 20 min, washed again and permeabilized at room temperature with 0.1% Triton X-100 in PBS for 2 min. Blastocysts were then washed and treated with 4 N HCl at room temperature for 30 min. They were washed and then incubated or not (negative control) with mouse anti-BrdU (B2531, Sigma Chemicals Co.) monoclonal antibodies at a dilution of 1:10 at 48C overnight. After washing in 0.1% BSA in PBS, blastocysts were incubated with rabbit anti-mouse immunoglobulin G-FITC polyclonal antibodies (F9137, Sigma Chemicals Co.) (1:500) at room temperature for 1 h. Finally, embryos were counterstained with 0.5 mg/ml propidium iodide, mounted on glass slides and examined under Nikon Eclipse E600 inverted light microscope (Nikon Inc., Tokyo, Japan) equipped with a Nikon high pressure mercury arc lamp connected to Nikon digital camera DXM1200. Proliferative (green) and total (red) cells number were counted using ImageJ 1.42q software.
Reversibility assay
After 48 h of incubation with A1254, all embryo groups were transferred to fresh base medium for further 48 h and then, to evaluate the reversibility of the effect of A1254 on cell proliferation, cell proliferation was assessed by BrdU analysis as described above.
Differential staining of blastocysts
Blastocysts (day 10 of development) were differentially stained as described previously (Ptak et al., 2006a) . Briefly, blastocysts were incubated in 500 ml solution 1 (PBS with 1% Triton X-100 and 100 mg/ml propidium iodide) for 20 s, directly transferred to 500 ml of solution 2 (100% ethanol with 25 mg Hoechst 33258) and stored at 48C overnight. Blastocysts were then mounted on microscope slides in a drop of glycerol and flattened with a cover slip. Cells were counted directly under an inverted microscope fitted with an ultraviolet lamp and excitation filter (460 nm for blue and red fluorescence).
Blastocyst outgrowth
In vitro blastocyst outgrowth development is considered a valuable test of the embryo ability to implant (Gonda and Hsu, 1980; Patel et al., 2000) . Blastocysts (day 10 of development) were cultured individually in 24-well plates pre-coated with 0.1% gelatin in medium composed of 50% (v:v) 50% (v:v) MEM enriched with 2 mM L-glutamine, 0.3 mM sodium pyruvate, 4 mg/ml gentamicin and 10% charcoal-stripped FBS, and incubated in a humidified atmosphere with 5% CO 2 , 7% O 2 and 88% N 2 at 38.58C. Medium was changed every other day. The attachment of trophoblastic cells (in part or all) to the surface of to the plate was recorded as first day of outgrowth. Outgrowth development were recorded daily until day 20 of development by curvilinear measure using the Nikon Eclipse E600 inverted light microscope (Nikon Inc.) connected to a Nikon digital camera DXM1200. The area of outgrowth was analyzed using ImageJ 1.42q software.
Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling assay
Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay allows the identification of cells undergoing apoptosis by detecting the free 3 ′ -OH terminal characteristic of fragmented DNA. The Apoptag Fluorescein in situ Apoptosis detection kit (Chemicon International, Munich, Germany), which is based on the TUNEL assay, was used according to the manufacturer's instructions. Briefly, blastocysts Degeneration of blastocysts exposed to PCBs were fixed in 1% paraformaldehyde for 10 min and permeabilized with ice cold ethanol:acetic acid 1:2 (v:v) for 20 min. Blastocysts were incubated with, or not (negative control), terminal deoxynucleotidyl transferase in a humid chamber at 38.58C for 1 h and then in the staining solution at room temperature for 30 min. Blastocysts were counterstained with 5 mg/ml Hoechst 33258, mounted on glass slides and examined under a fluorescence microscope (Nikon, Tokyo, Japan). Apoptotic (green) and total cells number (blue) were counted using ImageJ 1.42q software.
MitoTracker assay
To assess mitochondrial functionality, blastocysts were incubated with 0.5 mM MitoTracker Red CMX-ROS (Invitrogen, Milan, Italy), a cellpermeant fluorescent probe that accumulates in active mitochondria, in the medium at 38.58C for 30 min. After washing in PBS, embryos were mounted on glass slides. The intensity of the fluorescent signal indicating mitochondrial activity was measured using the confocal microscope LaserSharp 2000 and the LaserPix software (Biorad, Milan, Italy).
TEM analysis
Processing for TEM blastocysts were fixed in 2.5% glutaraldehyde (pH 7.2) for 3 h and post-fixed in 1% OsO 4 in 0.1 M cacodylate buffer for 60 min. Samples were subsequently dehydrated through an ethanol series, rinsed in propylene oxide and embedded in epoxy resin (Durcupan w ACM, Fluka). One-micron sections were stained with toluidine blue and examined under a light microscope. Ultra-thin sections (70 nm) were prepared and grids stained with uranyl acetate and lead citrate. Electron micrographs were taken using a Zeiss EM900 electron microscope (Carl Zeiss, Oberkochen, West Germany). Unless otherwise stated, all chemicals were purchased from 188 Electron Microscopy Sciences (Fort Washington, PA, USA). The volume density of cellular components (lipids, mitochondria) was determined using the point-count method (Weibel and Bolender, 1973) . Briefly, a transparent grid consisting of 163 total test points was laid over each micrograph. The square occupied by each component was expressed as the percentage of the number of points covering the structure component to the total number of test points of the test grid. The average volume density represents summary counts from 10 micrographs per blastocyst.
Gene expression analysis
After three washes in PBS containing 0.4% PVP, blastocysts were frozen in small volume (,10 ml) and stored at 2808C until analysis. Singleblastocyst mRNA was isolated with the Dynabeads mRNA DIRECT Kit (Invitrogen) according to the manufacturer's protocol, with minor modifications. Briefly, after lysis with 150 ml lysis/binding buffer, 10 ml of prewashed Dynabeads oligo-(dT 25 ) was added to each lysed embryo and samples were incubated at room temperature for 3 min. Beads/mRNA complexes were collected using a magnetic separator and were washed once with 100 ml washing buffer A and twice with 100 ml washing buffer B. Poly-(A + ) mRNA was eluted from the beads in 10 ml of 10 mM
Tris -HCl at 708C for 3 min. The totality of the mRNA obtained for each single blastocyst was reverse transcribed with the QuantiTect Reverse Transcription Kit (Qiagen, Milan, Italy), according to the manufacturer's recommended protocol. Gene expression was assessed using Platinum SYBR Green qPCR SuperMix UDG with ROX (Invitrogen) and the ABI 7900 Real-time PCR System (Applied Biosystems, Carlsbad, CA, USA). Real-time PCRs were carried out in 25 ml final volume, with 1 ml of cDNA and 10 pmol of each primer:
To avoid false-positive signals, dissociation curve analyses were performed. Relative gene expression data were calculated using the comparative threshold cycle method (DD Ct ) and normalized to b-Actin expression. All fragments have been sequenced and submitted to the GenBank [accession numbers: JQ035661 (ATG5); JQ035662 (ATG6); JQ035663 (ATG9); JQ035664 (LC3)].
Statistical analysis
Statistical analysis was performed using GraphPad Prism 4 and the MannWhitney test; differences with P , 0.05 were considered significant. Results are presented as means + SEM of at least five independent experiments.
Results
Short exposure to A1254 reduces cell proliferation in sheep blastocysts in a reversible manner. To investigate the possible causes of the reduced growth of early embryos following brief exposure to PCBs, we incubated sheep blastocysts with A1254 for 48 h and then assessed their proliferative capacity using the BrdU assay. The percentage of cells undergoing DNA synthesis was lower (P , 0.05) in embryos treated with 2 mg/ml (A2, n ¼ 14) or 4 mg/ml (A4, n ¼ 12) A1254 in comparison to both controls (medium alone: n ¼ 10; medium + vehicle: n ¼ 10; (Fig. 1) . In order to check whether such effect was reversible, A1254-treated and control blastocysts were incubated in fresh medium alone for another 48 h after removal of A1254 and then cell proliferation was again evaluated. While the percentage of proliferating cells was not significantly changed by this additional period of incubation in control and A2 blastocysts, the percentage of cells that incorporated BrdU was significantly increased (P , 0.02) in the A4 group and was comparable to that of control and A2 embryos (Fig. 1) .
Blastocyst outgrowth is compromised in blastocysts exposed to A1254. To test blastocyst viability after short exposure to PCBs, attachment and outgrowth of individual A1254-treated and control (vehicle alone) embryos were followed daily until Day 20 of development. A1254-treated blastocysts showed significantly reduced outgrowth potential (A2: 7/20, 35%; A4: 5/24, 21%) in comparison to controls (14/24, 55%; Fig. 2A) . Furthermore, the start of outgrowth was significantly retarded (P , 0.017) in the A4 group (Day 16.4 + 1.8) in comparison to control blastocysts (Day 13.5 + 3.5; Fig. 2B ). Finally, a number of A1254-treated blastocyst outgrowths stopped proliferating and were degenerated by Day 20 as visually observed under a light microscope (Fig. 2C) . A1254-exposed blastocysts have a reduced cell population. The total cell population in A4 (103 + 24; n ¼ 10) and A2 (116 + 25; n ¼ 6) blastocysts was lower than in control embryos (vehicle alone) (165 + 16; n ¼ 6). Furthermore, the proportion of inner cell mass cells was significantly reduced (P , 0.01) in A4 (mean ICM 8 + 8) and A2 (mean ICM 11 + 7) embryos in comparison to vehicletreated controls (mean ICM 40 + 9; Table I). A1254-treated blastocysts show massive cell death and morphological changes. To determine the cause of the reduced cell number in A1254-treated blastocysts and since a substantial amount of cellular debris, indicative of cell death, was observed in these embryos ( Fig. 3C  and D) , TUNEL assay was carried out to quantify cell mortality in A1254-treated and control embryos. The percentage of TUNELpositive cells was higher in A1254-treated blastocysts than in controls (vehicle + medium: 10.20 + 2.65%, n ¼ 5; medium alone: 9.93 + 2.30%, n ¼ 7; P , 0.02; A4: 29.06 + 4.35%, n ¼ 8; A2: 16.40 + 6.62%, n ¼ 5) and this effect was dose-dependent (Fig. 4) . Moreover, marked cytoplasmic vacuolation was frequently observed in A4 (number of cells ¼ 55) and A2 blastocysts (n ¼ 50) in comparison to vehicle-treated (n ¼ 42) and untreated controls (n ¼ 40) (Fig. 3E-I, L and M) . Vacuolated cells were characterized by either large, single membrane-bound vacuoles (Fig. 3G) or empty lacunae lacking a visible membrane and containing whorled membrane, granular material or laminated membranes (Fig. 3H) . Empty lacunae were observed particularly in cells from A4 blastocysts compared with untreated blastocysts (Fig. 3M) . Further analysis of semi-and ultra-thin sections showed increased number and volume of lipid droplets ( Fig. 3E and G) as well as a drastic reduction in the number of mitochondria in A1254-treated blastocysts, while in untreated blastocysts, the mitochondria were not swollen or pyknotic, but were oval to round shaped with normal cristae (Fig. 3L) . In blastocysts exposed to A1254, many of the remaining mitochondria were swollen with loss of cristae. A striking increase in the density of the matrix and reduction in the size of mitochondria were also observed (Fig. 3F) . Few autolysosomes containing mitochondria were also present. Morphometric analysis on ultra-thin sections revealed a higher lipid volume density (P , 0.05) in embryos treated with A1254 at 2 mg/ml (18.06 + 5.5) or 4 mg/ml (18.61 + 1.04) compared with both controls (medium alone ¼ 6.43 + 0.2; DMSO ¼ 7.05 + 0.7). Mitochondria volume density did not differ statistically between treated groups (A2: 6.74 + 1.5; A4: 6.16 + 2) compared with controls (medium alone: 9.81 + 1; DMSO: 8.99 + 1.4).
Due to the presence of these morphological abnormalities, we assessed the functionality of mitochondria using the MitoTracker Red CMX-ROS dye. An important reduction in dye accumulation (P , 0.05) was observed in both A2 and A4 blastocysts in comparison to controls (fluorescence intensity expressed in arbitrary units: 1.64 + 0.25 for A4; 1.73 + 0.10 for A2; 7.03 + 1.87 for vehicle-treated and 7.94 + 0.44 for untreated embryos) (Fig. 5) . The morphology of other cytoplasmic organelles, including intermediate filaments, desmosomal junctions between trophoblastic cells and microvilli at the plasma membrane, was not altered by exposure to A1254. Similarly, no nuclear alternations were observed as chromatin was finally dispersed, nucleoli were reticulated and the nuclear membrane was intact.
The autophagy markers ATG6 and LC3 are up-regulated in blastocysts exposed to A1254. The expression of the autophagic markers ATG5, ATG6, ATG9 and LC3 was assessed in 10 A4 blastocysts and 8 untreated controls by qRT -PCR amplification. Only ATG6 and LC3 were up-regulated in A4 blastocysts in comparison to controls (P , 0.05), while no differences were observed for ATG5 and ATG9 (Fig. 6 ).
Discussion
In this work, we show that sheep blastocysts exposed to PCBs for 48 h are characterized by reduced outgrowth potential and lower (A) Untreated controls, (B) vehicle-treated controls, (C) 2 mg/ml A1254 and (D) 4 mg/ml A1254. (E) Graph summarizing the results of the BrdU assay that was performed in the four different groups of blastocysts (CTRL, untreated controls; DMSO, vehicle-treated controls; A2, 2 mg/ml A1254; A4, 4 mg/ml A1254) at the end of the 48 h treatment period (Day 10 of development, white columns) or at Day 12 of development, i.e. 48 h after the end of the A1254 treatment, to assess the reversibility of the A1254 effect on cell proliferation (grey columns). Values with different superscripts are significantly different (a versus b and a versus B is P , 0.05, B versus C is P , 0.02).
Degeneration of blastocysts exposed to PCBs cell population, particularly in the ICM compartment, possibly due to both inhibition of cell proliferation and increased cell death as a result of extensive cytoplasmic alternations, including vacuolization, lipid accumulation and mitochondrial damage.
Arrest of embryo growth is one of the critical end-points in toxicological investigations. However, in simple systems, such as early embryos or cell lines, growth can often be restored upon removal of the toxic agent(s) as observed also in this work. Indeed, following an 'all-or-nothing' law, early embryos exposed to a toxic agent will die or survive depending on the number of cells killed (Austin, 1973) . If enough cells are spared, they will continue multiplying and the subsequent development of the embryo will be essentially normal. However, such a scenario will occur only when all the cells (blastomers) of the embryo are still totipotent. None of the previous studies reporting reduced cell proliferation in PCB-exposed embryos (Seiler et al., 1994; Küchenhoff et al., 1999) did consider the different sensitivity of the cell lineages that compose a blastocyst. Indeed, once the embryo cells start to differentiate into ICM and trophoblast, it would be hazardous to assume that the growth of both cell lineages will be equally restored after removal of the toxic compound. Moreover, the development of the ICM represents one of the most sensitive parameters for detecting the effect of xenobiotics in embryos (Eibs and Spielmann, 1977) . Accordingly, in our conditions, ICM cells appeared to be more sensitive to A1254 than trophoblastic cells, as previously reported in rabbit blastocysts incubated with PCBs, in which major perturbations in ICM gene expression were noted (Clausen et al., 2005) . Since trophoblast proliferation is directed by the ICM through specific trophic signals (FGF4), in the absence of such signaling, trophoblastic cells are unable to proliferate, and this hinders their ability to implant and/or to attach in vitro (Ansell and Snow, 1975; Surani and Barton, 1977; Niswander and Martin 1992) . Given that a lower number of ICM cells were observed in the majority of PCB-exposed blastocysts, the reduction in outgrowth potential and the arrest of development shortly after the initial outgrowth are not surprising.
Sheep blastocysts exposed to A1254 were also characterized by high amount of cell debris (indicative of necrosis) and high number of TUNEL-positive cells that were undergoing programmed and nonprogrammed death. Although apoptosis does not normally release cell debris, there are situations in which apoptosis and necrosis might be sequentially induced (Ledda-Columbano et al., 1991) . Particularly, when programmed cell death occurs in culture, necrosis is the ultimate fate of apoptotic fragments since no phagocytes are present (Penaloza et al., 2006) . It has been recently demonstrated that cultured cells exposed to PCBs may exhibit either apoptotic or necrotic morphology (Dreimer et al., 2009; Shen et al., 2010) . Apoptosis has been demonstrated following the exposure of rat prostate cells to A1254 (93) Values with different superscripts are significantly different (a versus b is P , 0.05; a versus c is P , 0.014). (Cillo et al., 2007) , while in another study, exposure of porcine blastocysts to another PCB mixture for longer periods (9 days) did not induce apoptosis (Küchenhoff et al., 1999) . The TEM analysis also did not reveal any nuclear damage in A1254-exposed blastocysts and the maintenance of nuclear functionality was also confirmed by growth restoration of the embryos following their transfer in PCB-free medium. The maintenance of nuclear and cytoskeleton integrity, which are normally not observed during apoptosis, is more characteristic of an alternative type of programmed cell death called autophagy (Bursch et al., 2000a,b) . Unlike apoptosis, autophagy is not characterized by prompt destruction of DNA (Ledda-Columbano et al., 1991) . Because the nucleus remains functional, autophagic cells might recover almost till the point they lyse (Penaloza et al., 2006) . Induction of autophagy represents either a cell attempt to cope with stress and to avoid cell death (by suppressing apoptosis), or an alternative cell death pathway, depending on the cell conditions (Maiuri et al., 2007) . Deregulation of autophagy usually leads to cell death. When most of the cytoplasm is destroyed by large autophagic vacuoles, it is possible to detect DNA fragmentation (Klionsky, 2007) , as observed in A1254-treated sheep embryos. Failure to restore homeostasis in A1254-exposed embryos could have triggered cell death. This point of no return coincides with the complete destruction of mitochondria (Xue et al., 2001) . We observed a lower number of mitochondria as well as functional and morphological abnormalities in A1254-exposed sheep blastocysts. PCB-mediated down-regulation of genes of the mitochondrial respiratory chain as was demonstrated in rabbit preimplantation embryos (Seiler et al., 1994) and PCBs is believed to act as uncouplers of the respiratory chain, leading to disturbance of the permeability of the inner mitochondrial membrane (Ebner and Braselton, 1987; Nishihara and Utsumi, 1987) . It is known that the depolarization of mitochondria during the mitochondrial permeability transition induces autophagy and thus allows removing selectively this organelle (Elmore et al., 2001; Xue et al., 2001) . A lower number of mitochondria will reduce the energy available for cell division, thereby resulting in proliferation arrest, which characterizes PCB-exposed embryos. A1254-exposed sheep embryos presented marked cytoplasmic vacuolation. The presence of vacuoles, which are lysosomal derivatives previously described as 'lysosomal-like bodies', has been already reported in sheep blastocyst (Wintenberger-Torres and Flechon, 1974) and the critical role of autophagy during early embryogenesis has been recently demonstrated in mammals (Qu et al., 2007; Tsukamoto et al., 2008) . However, the augmented number and dimensions of the vacuoles and the up-regulation of genes involved in the formation of pre-autophagosomal membranes (ATG6) and autophagosomes (LC3) in blastocysts exposed to A1254 suggest Figure 4 Massive cell death in blastocysts exposed to A1254. Representative images of TUNEL assay in (A) untreated blastocyst, (B) vehicle-treated blastocyst, (C) blastocyst exposed to 2 mg/ml A1254 and (D) to 4 mg/ml A1254. Images on the left show nuclear staining (Hoechst 3342) and on the right TUNEL-positive cells (E). Summary of the TUNEL assay results in the four groups of blastocysts (CTRL, untreated controls; DMSO, vehicle-treated controls; A2, 2 mg/ml A1254; A4, 4 mg/ml A1254). Values with different superscripts are significantly different: a versus c; b versus c is P ≤ 0.01. that the autophagic response was deregulated in these embryos. Excessive vacuolation was previously observed in cultured cells exposed to PCBs (Hugla et al., 1996; Fang et al., 2002) and the appearance of vacuoles was found to be preceded by increased activity of lysosomal enzymes (Kawasaki et al., 1995) . Although, we are the first to suggest that autophagy can be deregulated by exposure to PCBs in early embryos, it is acknowledged that autophagy is induced by cytotoxic agents (Bursch et al., 2000a,b; Tasdemir et al., 2008) and, similarly to what was observed in our study, the increase in the number of vacuoles and large lipid droplets together with a drastic reduction in the number of functional mitochondria has all been suggested to be signs of deregulated autophagy (Singh et al., 2009) . Our hypothesis is supported also by the finding that recombinant interleukin-10, which has been recently demonstrated to inhibit autophagy (Park et al., 2011) , reverses A1254-induced alternations both in utero and in vitro (Tewari et al., 2009) .
During mammalian embryo development, three different types of cell death occur: necrosis, apoptosis and autophagy, the last two being under biological control (i.e. programmed) (Penaloza et al., 2006; Qu et al., 2007) . In our study, loss of cells cannot be attributed to a single type of cell death. The morphological signs and the up-regulation of ATG6 and LC3 are characteristic of autophagy. The presence of TUNEL-positive cells and the morphological/functional alterations observed in mitochondria may also indicate induction of apoptotic-like programmed cell death, while the debris indicates that such cells undergo a final process resembling necrosis. It is also possible that different types of cell death can occur in the same cell as TUNEL-positive cells that express the autophagic marker LC3 were demonstrated in other cellular settings (Shang et al., 2010) .
In conclusion, here we show that brief exposure of sheep blastocysts to PCBs causes morphological and functional alterations indicative for deregulated autophagy, leading in certain cases to cell death. Removal of the toxic agent partially rescues the embryo growth; however, the extent of cell damage, particularly, the reduction in the ICM compartment, often affects the ability of the embryo to develop further.
